
X-ray Emission From Electron Capture By Highly-Charged 
Ions 

J. B. Greenwood’, I. D. Williams’, S. J. Smith’ and A. Chutjian’ 

I De  arhnent  ofpure  andApplied  Physics, Queen’s University  Bevast,  Bevast BT7 INN, UK 
‘Jet Propulsion  Laboratov,  California Institute of Technology,  Pasadena, CA 91 109 

Abstract 

Recently,  electron  capture by  highly-charged ions has been recognized as the  major  source  of  X-ray  emission  fiom 
comets. It has been proposed  that  highly-charged  ions  of  minor  solar  wind  species such as C, N, 0, and Ne emit X-rays 
following  electron  capture fiom cometary  atoms  and  molecules  such as H, CO, OH, HzO, and COz. In our work we  have 
measured  accurate cross sections  for  single  and  multiple  electron  capture by solar  wind ions in collision with various  gas 
targets.  We have also observed  X-ray Lyman transitions  fiom H and  He-like  ions  formed in the capture  process.  The 
importance of multiple  transfer,  autoionization  and  the ldistribution of  initial  capture states will be discussed in light  of 
our results. 

INTRODUCTION 

Although  electron  capture  in  ion  collisions  with 
atoms or molecules  has  been  studied  for many  years, 
interest  in  these  collisions  continues  unabated, 
particularly at low  collision  energies (e< 1 a.u.).  The 
need for total  and  state-selective  cross  sections has 
been  recognized  through  recent  discoveries in 
astrophysics,  and in the  quest  for  controlled  nuclear 
fusion. 

Heavy solar wind  ions  in highlycharged states  are 
now being  acknowledged as an  important  source of  X- 
rays in the  solar  system,  through  electron  capture  with 
cometary,  atmospheric  and  interstellar gases [l-111. 
Electron  capture also yields  visible, UV and X-ray 
photons  from  bodies as diverse as Jupiter’s  Aurora 
[ 12-14],  the  interstellar  medium, HII regions,  and 
nebulae[l5,16]. 

In magnetically-confined  fusion  devices,  present 
efforts are focussed  on  understanding  the  divertor 
region  which is needed  to  provide  continuous 
operation of an ignited plasma Gas is injected  into  the 
divertor  to  cool  hot  impurity  ions  before  their  removal 
from  the  system.  Electron  capture is thus  an  important 

process in the  physics  of  tokamaks  and as a diagnostic 
of plasma  parameters.[17,18] 

Comprehensive  charge-transfer data are  needed for 
analyzing  these  interactions,  and  the light emitted  from 
the  collisions.  Although  simple  target  systems,  like H, 
Hz  and  He,  have been investigated for a  number  of 
projectile  ions[19,20],  there is still  need  for  further 
study,  particularly at low  energies. In more  complex 
targets,  like H20, CO and COZ important to  comets, 
studies  have  only  recently  been  initiated. 

If detailed  studies of the line  intensities  observed 
from  fusion  or  astrophysical  plasmas are undertaken  to 
characterize  ion  or  neutral  densities,  then  electron 
capture  needs  to  be  well  understood.  While  state- 
selective  cross  sections are essential,  consideration of 
autoionizing  multiple  capture  and  anisotropic  emission 
of photons  due  to  magnetic  sublevel  population  can 
also be important. 

We have  designed an experiment  to  measure  total 
cross  sections  for single and  multiple  electron  capture, 
providing  absolute  results  which  can  be used by 
modelers  and  other  experimentalists.  Installation of an 
X-ray  detector has also  allowed us to  measure 
emission cross sections  for soft X-ray transitions. 3 



These  cross  sections can be  applied  directly  to  the 
analysis of line strengths  observed  in X-ray 
spectroscopy  of  plasmas. Total cross  sections  have 
been  obtained for collisions of C, N, 0 and  Ne  ions 
with  various  gases.  X-ray  spectra  of  Lyman-like 
transitions  following  one  electron  capture  have  been 
measured. 

EXPERIMENTAL  TECHNIQUE 

The  experimental  setup has been  described  in  more 
detail elsewhere[3,21],  but  a  brief  description  follows. 
The ions of interest are produced  from  a Caprice type 
Electron  Cyclotron  Resonance  ion  source  [22],  capable 
of  producing  fully-stripped  ions of C, N, 0 and  Ne. 
The ions are  accelerated  to  an  energy of 7q keV (q is 
the ion  charge  state)  and  the  desired  ion  is  selected by 
a  double-focussing 90' bending  magnet. An 
electrostatic  switcher  directs  the  beam  into  the  charge 
exchange  beamline.  There,  the beam is collimated 
before  entering a collision  cell  containing  the  target 
gas. On exiting, the ion beam current is measured in a 
deep  Faraday  cup.  The  pressure  in  the  cell is 
determined by a  temperature-stabilized  capacitance 
manometer,  while  separation  of  different final ion 
charge  states is achieved by a  series of retarding 
potential  apertures in front of the Faraday  cup. A 
high-purity Ge X-ray  detector is located  at 90' to  the 
ion beam direction  and  views  the  interactions  through 
a 2 mm aperture in the  cell  wall.  A 7.5 pm  Be  window 
separates  the  detector  from  the  vacuum  chamber,  and 
blocks  any  photons of energies  less than 500 eV. 

RESULTS 

Total  cross sections for single  and  double  charge 
exchange are shown in Figure 1 (and  will be reported 
in detail  elsewhere  [21]).  There, singleexchange 
values  are  compared, as a  function of  ion  charge  state, 
to predictions  of the classical  over-barrier  model  [23]. 
It can be seen  that  although this model  gives a good 
estimate of the cross section,  the  discontinuities  caused 
by filling of the next  highest  n-level are not 
reproduced. This suggests  that  one  cannot  assume  that 
capture  occurs  into  a  unique  n-level. 

Doubleexchange cross  sections  are also shown  in 
Figure 1. For  a CQ target  it  can  be  seen  that  these 
cross  sections are a significant  proportion of single 
exchange,  typically  20-30%.  However  for  He,  with 
the exception  of q = 4 where  single  exchange  is  very 
low,  the doubleexchange cross sections  are  relatively 

much  smaller. As He has only two electrons,  double 
exchange  proceeds  only  by  capture  of two electrons 
which  subsequently  radiatively  stabilize.  While 
autoionization is often  the  preferred  mode of decay in 
a multiplyexcited ion, doubleexchange cross sections 
in  CO,  are  more s i m c a n t  as the  process of multiple 
capture  followed  by  emission of one or  more  Auger 
electrons  is  available. 
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F'IGURE 1. Single r ~ ~ . ~ - ~  0, and  double A, ch uge- 
exchange  cross sections-& a function of ion charge state q, in 
collision  with (a) He and @) COz. Comparison is made  to the 
predictions of the classical  over-barrier  model (solid 
line). 

X-ray  spectra for collisions of bare and  H-like 0 
and  Ne  ions  in  He are shown in Figure 2. These 
spectra  are  uncorrected for transmission of the 
detector's  Be  window. The observed  peaks  represent 
transitions to  the  ground  state  of the q-1  ion  from np 
levels  and  have  been  fitted  by Gaussian  profiles 
representing  the  energy  resolution  of the detector.  It 
can be seen  that  when  the  transmission of the Be 
window is taken  into  account, the lowest-energy 
transition Ly 01 (2p - 1s) is the  dominant  one,  having 
been  populated  entirely  by  cascades  from  higher 
levels.  Collisions  of  Ne'@+  demonstrate  the  existence 
of a Ne8+ transition  generated  from  radiative 
stabilization of double  capture  (the small low energy 
peak in Figure  2). 



REFERENCES 

1. Lisse C. M., Dennerl K., Englhauser J., Harden M., 
Marshall F. E.,  Mumma M. J., Petre R., Pye  J. P., 
Ricketts M. J. ,  Schmitt J., T r u m p  J.,  and  West R G., 
Science 274,205- 209 (1 996). 

2. Cravens T. E., Geophys.  Res. Lett. 24, 105-108  (1997). 

3. Greenwood J. B., Chutjian A. and  Smith S. J. ,  Ap. J.  529, 
605-609 (2000). 

4. Greenwood J .  B., Williams I. D., Smith S. J .  and 
Chutjian A., Ap. J. 533, L175-Ll78 (2000). 

5. Cravens T. E.,Adv. Space  Res. 26, 1443-1451  (2000). 

6. Cravens T. E., Ap. J. 532,L153-L156 (2000). 

7. Htiberli R M, Gombosi T. I., De Zeeuw D. L., Combi 
M. R and Powell IC G., Science 276,939-942 (1997). 

8. Kharchenko V.  and Dalgarno A., J.  Geophys.  Res. 105, 
18351-18359  (2000). 

9. Krasnopolslq V. A., Mumma M. J.  and Abbot M. J., 
Icarus 146,152-160 (2000). 

10. Lisse C. M., Christian  D.,  Dennerl K., Englham J., 
T m p e r  J., Desch M., Marshall F. E.,  Pefre  R.  and 
Snowden S., I c m s  141,316-330 (1999). 

11 .  Wegmann R. Schmidt H. U., Lisse C. M., Dennerl K. 
and  Englhauser J.,Planet.  Space Sci. 46,603-612 (1998). 

12. Cravens T. E.,  Howell  E., Waite J .  H. and Gladstone G. 
R.,J. Geophys.  Res. 100,17153-17161 (1995). 

13. Kharchenko V., Lui W. H.. and  Dalgarno A., J. Geophys. 
Res. 103,26687-26698 (1998). 

14. Lui W. H. and  Schultz  D. R, A p .  J. 526,538-543 (1999). 

15. Heil T. G., NLU BU, 222-225 (1 987). 

16. Kingdon J. B. and Ferland G.  J., Ap. J. 516, L107-L109 
(1  999). 

17. Isler R C., Plasma  Phys.  Controll. Fusion 36,  171-208 
(1  994). 

18. Anderson H.,  von Hellerman M., Hoekstra R., Horton L. 
D.,  Howman A. C., Konig R W. T., Martin R.,  Olsen, R 
E. and Summers H. P., Plasma  Phys.  Controll. Fusion 
42,781-806 (2000). 

19. Janev R K., Phaneuf R A. and  Hunter H. T., At. Data, 
Nucl. Data Tables 40,249-28 1 (1  988). 

20. Wu  W. IC, Huber B. A. and Wiesemann K., .4t. Data, 
Nucl.  Data  Tables 40,57-200 (1 988). 

21. Greenwood  J. B., Williams I. D., Smith S. J. and 
Chutjian A., Phys.  Rev. A,  submitted (2000) 

22. Liao  C.,  Smith S. J., Chutjian A. and Hitz D., Phys. Scr. 
T73,382-383 (1997). 

23. RyufUku H., Sasaki K., Watanabe T., Phys.  Rev. A 21, 
745-750 (1980). 

24. Vernhet  D.,  Chetioui A,, Rozet J. P., step hat^ C.,  Wohrer 
K., Touati A., Politis M. F., Bouisset  P., Hitz D.  and 
Dousson S.,J. Phys. B, 21,3949-3968 (1988). 

25. Burgdtirfer J., Morgenstem R and Niehaus A., J. Phys. B 
19,L507-L513 (1986). 



For 0'' and New, capture of a single  electron  can 
occur into  triplet or singlet  levels of the He-like  ion. 
However,  transitions  to  the  ground  state  (ones 
energetic  enough  to be transmitted by the Be  window) 
can only be  observed  from  short-lived  singlet  levels, 
with  the  exception of the intercombination  transition 
ls2p 3P1 - ld ' S O .  Decays of the long-lived, 
metastable  triplet  states ls2s 3S1 and ls2p ?Po,2 proceed 
outside the viewing  angle of the detector. 

I '  , 100 

150 

100 

50 

c u) 

1 0  
C 

s c 
B 
E 
rn 0 

FTGURE 2. X-ray emission spectra obtained for collisions 
in He, fitted to the known transition energies of the product 
ions by a Gaussian profile. Data are uncorrected for 
transmission of the Be window  (given as the long dashed 
line). 

From  analysis of the branching  ratios  for  H-like 
ions  produced  from  single  capture  by 08+ and  Ne'Dc,  it 
is  clear  that  capture  into  states  with  higher  values of f 
tends  to  result in population of the 2p level,  thus 
strengthening  the  Ly a emission  intensity.  However, 
our results  indicate  that  the  relative  intensity of the Ly 
CL lines is not as large as that  expected from the 
assumption  that the f levels  are  statistically  populated. 

Using an analysis  similar  to  that  used  by  Vernhert 
et  al. [24], the average  value of the initial  angular 
momentum  state <c> for collisions of Ne1Dc in He is 
2.1, compared  to  the  statistical  average of 2.8 for 
capture  into n=5. This result  agrees  with  the 
predictions of Burgdarfer  et  al. [25] who  extended  the 
over-banier  model  to  include a centrifugal  barrier 
term. 

CONCLUSION 

Measurements of total  cross  sections for single  and 
double  charge  exchange in collisions of charge  states 
of C, N, 0 and Ne in  He  and CO, are reported at a 
collision  energy of 7q keV.  The  limitations of the 
classical  over-barrier  model in accurately  determining 
cross  sections,  and the significant  contribution of 
double  exchange in collisions  involving  many-electron 
targets  have  been  highlighted.  X-ray  emissions  from 
these  collisions  have  been  observed. The dominant 
transition is 2p - Is, the  strength of which  is 
determined  from  the  distribution  within  initial  capture 
states nf.  Analysis has shown  that  a  statistical 
distribution  within  I-states  would  give  stronger  Ly CL 
transitions than are observed. This suggests  that  the 
collision  velocity is too  low  to  give the captured 
electron  enough  angular  momentum  to  statistically 
populatefand g states. 
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